We propose a quantum computer architecture which is robust against decoherence and scalable. As a qubit, we adopt rotational states of a nonpolar ionic molecule trapped in an ion-trap. It is revealed that the rotational-state qubits are much more immune to decoherence than the conventional electronic-state qubits of atomic ions. A complete method set for state preparation, single-qubit gate, controlled-NOT gate, and qubit-readout suitable for the rotational-state qubits is provided. Since the ionic molecules can be transported in an array of ion traps, the rotational-state qubits are expected to be a promising candidate to build a large-scale quantum computer.
We propose a novel ion-trap-based QC architecture that is robust against decoherence and scalable. As a qubit, we adopt rotational states of a nonpolar molecular ion trapped in an ion-trap. To our knowledge, although rotational states of neutral polar molecules were already proposed as qubits [4, 5] , those of ionic nonpolar molecules have not been proposed. Without collisions, the lifetime of rotational states of a nonpolar molecule can reach several years [6] because the rotational state is electromagnetically inactive owing to no permanent dipole moment. We reveal that the rotational-state qubits of nonpolar molecules are much more immune to decoherence than the conventional electronic-state qubits of atomic ions, and provide a complete method set necessary for building a QC such as state preparation, single-qubit gate, controlled-NOT gate, and qubitreadout appropriate to the rotational-state qubits. Since we adopt ionic molecules, one can utilize well-developed ion-trap technologies, such as separation, transportation, and combination of individual ions, which are the key ingredients to implement a large-scale QC [7] . The movement control was already demonstrated for atomic ions [8] , and no additional restriction is imposed to molecular ions. Because nonpolar quantum rotors are excellent gyroscope, their rotational states should be very robust under the transportation.
We first survey general features of rotational states of nonpolar linear molecules and select two levels as a qubit. Rotationally stationary states of a linear molecule are angular momentum eigenstates |J, M , where J is the angular momentum quantum number and M is its z-axis projection in the laboratory frame. Because a nonpolar molecule has no permanent dipole moment, laser field cannot cause dipole transitions (∆J = ±1). However, since linear molecules have anisotropy in their polarizability, they allow rotational two-photon Raman transitions with ∆J = ±2. When the laser field is linearly polarized along the z-axis, one additional selection rule gives ∆M = 0. With these selection rules, one can choose a qubit system as |↓ ≡ |J 0 , M 0 and |↑ ≡ |J 0 + 2, M 0 for arbitrary J 0 and M 0 . But choosing J 0 and M 0 is restricted according to molecular species, because nuclear spin statistics categorize nonpolar linear molecules into three groups: even-, odd-, and all-J molecules [9] . In order to be a nonpolar molecule, the nuclei at both ends of the molecule should be identical particles obeying the exchange symmetry of quantum mechanics. For example, in NS + 2 , the two 32 S are spin-zero bosons and the electronic ground state is 1 Σ + g so that only even-J states are allowed. Among the three types, even-J is the most preferred because the rotational ground state of this kind is |0, 0 which is nondegenerate. On the contrary, the ground state of an odd-J molecule is degenerate and can be either of |1, −1 , |1, 0 or |1, 1 so that additional selection is needed to prepare a qubit state even at zero temperature. Moreover, the ground state of an all-J molecule is more ambiguous because it depends on the spin states of the nuclei. In this letter, we assume that an even-J molecule is chosen and the qubit system is |↓ ≡ |0, 0 and |↑ ≡ |2, 0 . Because the Hilbert space of rotational states of an even-J molecule intrinsically excludes odd-J states, one additional merit arises that there is no possibility of state-leakage into unwanted odd-J space.
In the view point of decoherence, we compare the rotational-state qubits with conventional electronic-state qubits. In an ion-trap QC, the major source of decoherence is a fluctuating magnetic field [10] . In the conventional atomic-ion architecture, qubits are made of electronic states of alkaline earth ions such as Be + or Mg + that has only one open-shell electron. This makes electronic spin states a doublet with a big magnetic dipole moment, which results in a strong coupling between the qubit and the magnetic field through the Zeeman effect.
On the contrary, in the case of the molecular rotationalstate qubits, the magnetic moment of electrons affects the qubit state merely indirectly. Furthermore, there exist molecular ions having no electronic magnetic moment, such that the electronic ground state is 1 Σ state. In that case, the magnetic field affects the rotational-state qubit, only through the rotational magnetic moment µ r , which is proportional to the rotational g-factor g r and the rotational angular momentum J as expressed by µ r = g r µ N J(J + 1) [9] , where µ N is the nuclear magneton. Most nonpolar molecules have g-factors smaller than 1 [9] , so µ r is very small compared to the electronic spin magnetic moment which is equal to one Bohr magneton 1840µ N that the conventional electronic-state qubits have. It is thus expected that the rotational-state qubits are very robust against decoherence from magnetic field fluctuations.
Several techniques have been adopted to improve the coherence time of atomic ions. For example, one can choose electronic-state qubits which are insensitive under magnetic fields to the first order [10, 11] and can adopt the decoherence-free subspace (DFS) technique [12, 13] . With these techniques, single-qubit coherence time of an atomic ion has been achieved to be about 20 s [13] . But 20 s is not sufficient for a large-scale quantum computer, because, when the coherence time of a single qubit is τ , that of N qubits is approximately τ /N [14] . The limited coherence time is mainly due to high-order Zeeman shift and local field fluctuation different at each ion composing a DFS pair. These two effects will be reduced if the magnetic moment of a qubit is small. Thus, the tiny magnetic moment of the rotational-state qubit can greatly extend the coherence time, several orders longer than the conventional electronic-state qubits of atomic ions. Furthermore, the rotational-state qubit is also firstorder insensitive to the magnetic field because we chose the qubit states with M = 0, and the DFS technique can also be applied to rotational-state qubits.
We examined a variety of molecular ions to choose a suitable candidate that satisfies the requirements including linearity, nonpolarity, even-J, electronic 1 Σ state, and small rotational g-factor. If we choose the candidate among singly-charged molecular ions, triatomic molecular ions, such as NO + 2 or NS + 2 , can fulfill the requirements. Considering rotational g-factors calculated by the DALTON software [15] , we suggest NS + 2 as a suitable candidate due to its tiny rotational g-factor of −0.014, which means that the magnetic moment of |↓ is zero due to J = 0 and that of |↑ is −0.034µ N . If we extend our choice to doubly-charged molecular ions, homonuclear diatomic dications can also be chosen. Although most diatomic dications are metastable, the lifetime of some species are very long; e.g., Ba 2+ 2 has a lifetime longer than the age of the universe [16] . Ba 2+ 2 not only fulfills the above requirements but also has an advantage of no nuclear spin. Because the nuclear spin causes the hyperfine spin-rotation coupling [17] , the nuclear spin can be another source of decoherence. While singly-charged triatomic 1 Σ molecular ions cannot have zero nuclear spin in their center nucleus, diatomic dications can simultaneously fulfill the two requirements, 1 Σ electronic state and zero nuclear spin. In this respect, very-long-lived homonuclear diatomic dications like Ba 2+ 2 can also be a proper candidate.
The first step in operating a QC is the state preparation of qubits, which should include translational, vibrational, and rotational cooling of molecular ions. The translational cooling of molecular ions can be achieved by the sympathetic cooling method [18] that relies on co-trapped atomic alkaline earth ions which can be easily cooled down using a laser. For cooling rovibrational states of molecules after the translational cooling, sophisticated techniques are needed, and its experimental demonstrations were reported only recently and moreover for only polar molecular ions [19, 20] . For nonpolar molecular ions, a novel method that exploits the motional ground state shared with atomic cooling-pair ions was proposed in 2012 [21, 22] . Although its experimental demonstration has not been reported yet, this method is expected to make nonpolar molecular ions reach the rotational ground state, i.e. |↓ , with high fidelity of more than 99.9% in near future [22] .
A single-qubit operation can be performed through a resonant two-photon Raman transition between qubit levels. The Hamiltonian for rotational states of a nonpolar molecule interacting in a laser field is given by [23, 24] 
where B 0 is the molecular rotational constant, ∆α ≡ α − α ⊥ is the anisotropy of molecular polarizability, E(t) the laser electric field, and θ the angle between laser polarization and molecular axis. Because the energy of |J, M is B 0 J(J + 1), the energy gap between qubit levels is ω 0 = 6B 0 . A pair of laser beams linearly polarized along the z-direction which have frequencies ω 1 and ω 2 with the frequency difference equal to ω 0 can cause the resonant two-photon transition for achieving the singlequbit operation, as shown in Fig. 1 . Here the laser beams are preferably IR lasers detuned far from vibrational or electronic transitions of the molecular ion. If the amplitudes of the two laser beams are equally E 0 /2, the synthesized field is given by
and brings about the resonant Raman-Rabi oscillation with the Rabi frequency
To be specific, the properties of NS + 2 was calculated from the GAUSSIAN software [25] to obtain B 0 = 3.44 GHz, leading to ω 0 = 20.64 GHz, and ∆α = 8.47Å
3 . In order to achieve a Rabi frequency Ω of e.g. 1 MHz with this molecule, the field intensity (corresponding to E 2 0 ) of 2.5 × 10 6 W/cm 2 is needed. It is desirable that the two laser beams are co-propagating in order not to change the motional state during the single-qubit operation since the photon recoil force exerted on ions becomes minimum in that condition [26] .
The intermediate state in Fig. 1 is not a detuned real physical state, but a virtual state, because the interaction Hamiltonian of Eq. (1) induces the selection rule ∆J = ±2 which intrinsically requires two photons. This eliminates worry about detuning and state leakage into the intermediate state, which conventional electronichyperfine qubits of atomic ions suffer from. In this respect, the rotational-state qubits are expected to achieve a high fidelity and a high speed in gate operations owing to the no state leakage into the unwanted intermediate state. This is another advantage of the rotational-state qubits.
In every proposed QC architecture, a key issue has been how a controlled-NOT gate is realized. Since any quantum logic gate can be decomposed into single-qubit operations and two-qubit controlled-NOT operations, the two kinds of operations constitute universal quantum gates [27] . A big advantage of the ion-trap-based QC is that the ion-trap provides an efficient way to carry out the controlled-NOT gate via collective motional states that the ions share. With the aid of the motional state, qubits can be effectively coupled even if their direct interaction is very weak. Several proposals have been made to realize the controlled-NOT gate in an ion trap [2, [28] [29] [30] , and some of them were demonstrated with electronicstate qubits of atomic ions [31] [32] [33] . Most of these proposals can also be applied to the rotational-state qubits of molecular ions as far as the ions are co-trapped in a trap potential.
We consider two representative proposals and provide concrete methods to implement the proposals with the rotational-state qubits. Let us first consider the controlled-NOT gate proposed by Cirac and Zoller [28] . The Cirac-Zoller gate needs an auxiliary state |aux coupled with |↓ by another lasers without affecting |↑ . For the rotational-state qubit, we suggest |aux ≡ |2, 2 as shown in Fig. 1 . The transition between |↓ and |aux can be performed by two circularly-polarized laser beams of which their polarization directions are counter-rotating in the x-y plane. If the two beams have frequencies ω with frequency difference ω 0 and their amplitudes are equally E 0 /2, the synthesized field is formed as
This is a linearly-polarized field whose polarization direction is rotating in the x-y plane with a frequency of ω 0 /2, resulting in the selection rules ∆J = ±2 and ∆M = ±2. Owing to the selection rules, E |↓ ↔|aux causes the transition between |↓ and |aux without affecting |↑ . This exclusive transition is sufficient to implement the CiracZoller gate. In contrast to the single-qubit gate, the Cirac-Zoller gate should generate the transition not only between |↓ and |aux but also between the collective motional states |n = 1 and |n = 0 , where n is the phonon quantum number. In order to alter the motional state, the actual frequency difference of the two laser beams is red-detuned such that ω 0 → ω 0 − ν, where ν is the phonon mode frequency along the z-axis. In addition to this detuning, if the laser beams are counter-propagating, the motional state is more efficiently changed than in the co-propagating condition [26] . Additional requirements of this gate are that the motional state has to be cooled down to zero temperature and the laser beams should be addressed to one particular ion. These requirements were released in another controlled-NOT scheme proposed by Sørensen and Mølmer in 1999 [29] . The Sørensen-Mølmer gate is performed through off-resonant laser pulses illuminating two ions simultaneously and does not need the auxiliary state. Because this method uses the collective motional state as a virtual intermediate state, the two-qubit gate works even in a motional thermal state. There is no restriction to adopt this method to the rotational-state qubits since the method works also in Raman transitions [29] .
At the end of computation, final qubit states should be read out. Previously, the state-of-the-art method of qubit readout has been based on fluorescence detection [34] . Unfortunately, the fluorescence-based method cannot be directly applied to the rotational-state qubits because, in the rotational states, there is no cycling transition decaying back to one of the qubit states. However, in an ion trap where two ions are co-trapped, an internal state of one ion can be transferred to that of the other ion [35] . With this technique, the rotational-state qubit of a molecular ion can be readout by instead measuring the electronic-state qubit of an atomic ion that has a good cycling transition. Figure 2 illustrates this readout scheme. Alkaline earth ions such as 9 Be + , 25 Mg + , etc. have a good cycling transition and their hyperfine qubits can be measured with high fidelity. Among them, one having a similar mass with the molecular ion is preferred because the motional interaction between the two ions can be efficient [21] . If one choose NS + ν. In this step, motional state is changed from |n = 0 to |n = 1 only if the rotationalstate qubit was |↑ . The two Raman beams are preferred to counter-propagate along the motional axis, in order to efficiently change the motional quantum number [26] . (4) Red-sideband Raman transition of the atomic ion from |↓ atom to |↑ atom . Only when the motional state was excited to |n = 1 , this red-sideband transition actually occurs. (5) State-dependent fluorescence detection of the atomic ion using the cycling transition. If fluorescence is detected, the atomic state is measured as |↓ atom , and the rotational-state qubit is considered as measured as |↓ , otherwise |↑ .
In order to enhance the fidelity of readout, the above procedures can be repetitively performed, with slight modification in step (3) . Because, at the second repetition, the rotational state would lie on |read (not on |↑ ) with motional ground state |n = 0 , red-sideband Raman transition from |read to |↑ (see the dotted arrow in Fig.  2 ) will excite the motional state. This causes the same effect as the former procedures and can transfer quantum states to the atomic ion. This way, readout can be performed several times. In every step (3), the blueand red-sideband transitions alter in turn. This repetitive readout scheme is almost the same as the experiment done by Hume et al. [35] . The only difference is that, in our case, the life time of |read is very long (years), so |read does not decay back to |↑ . This long lifetime of rotational states of nonpolar molecules is rather advantageous to achieve high fidelity. In the experiment of Hume et al., there was about 1% probability of state leakage during the decay process, limiting the fidelity. In our case, there is no worry about state leakage owing to no decay. In this respect, our proposed readout scheme is expected to achieve at least 99.94% fidelity which Hume et al. already achieved.
In conclusion, we have proposed a novel QC architecture using rotational-state qubits of nonpolar ionic molecules. It was shown that the rotational-state qubits are very immune to decoherence and can achieve highfidelity logic gates owing to no state leakage into an intermediate state during qubit manipulations. A complete method set necessary for building a QC suitable for the rotational-state qubits was provided. The proposed architecture is expected to be one of the promising candidates for implementing a practical QC.
